BACKGROUND: Overutilization of clinical laboratory testing in the inpatient setting is a common problem. The objective of this project was to develop an inexpensive and easilyimplemented intervention to promote rational laboratory utilization without compromising resident education or patient care.
Introduction
As noted by Peabody in 1922, "…Good medicine does not consist in the indiscriminate application of laboratory examinations to a patient, but rather in having so clear a comprehension of the probabilities and possibilities of a case as to know what tests may be expected to give information of value." 1 Overutilization of clinical laboratory testing in the inpatient setting is a long-recognized and vexing problem, in part due to inherent variation in practice patterns and disagreement over what studies are and are not appropriate. [1] [2] [3] [4] At our hospital, recurring daily lab orders have become the prevailing clinical practice. Sequelae of excessive laboratory utilization can include increased cost, false-positive results, 5 patient discomfort due to phlebotomy, and hospital-acquired anemia. [6] [7] [8] Further, indiscriminate laboratory testing deprives trainees of opportunities to learn and practice diagnostic reasoning.
Attempts to encourage physicians to order tests more parsimoniously have achieved inconsistent success. [9] [10] [11] [12] Programs that combine multiple strategies may be more successful in promoting rational laboratory use. 11, 12 Accordingly, we sought to assess the effect of a multifaceted approach to curbing laboratory overutilization by internal medicine housestaff -a group accounting for significant resource utilization in teaching hospitals. 13 We report a novel multidisciplinary intervention that integrates education, consensusbuilding, and administrative elements. It is inexpensive, requires no new infrastructure, and avoids measures that would likely be regarded as punitive. In keeping with the mission of a teaching institution, this project is didactic in nature. In recognition of clinical, fiscal, and intellectual benefits, the ultimate goal of the intervention is to train physicians to become responsible stewards of healthcare resources. This project invited physicians-in-training to help answer a clinical question relevant to their daily work. We hypothesized that our intervention would decrease unnecessary testing.
Methods
The Massachusetts General Hospital (MGH) is a 999-bed tertiary care teaching hospital located in Boston, MA. At the time of this study, the Bigelow Medical Service was staffed by five teams of resident and attending physicians regionalized by floor. Each of the five Bigelow teams consisted of four interns, one to two junior residents, one to two attending physicians, and two to three medical students. Teams A and E covered 24 beds, while teams B, C, D covered 20 beds respectively. Physicians and medical students rotate on the Bigelow Service for two-or four-week intervals. Each team is assisted by a staff of nurses and administrative personnel assigned by floor.
The study period was chosen to accommodate the rotation schedule of the residency program, to avert the confounding influence of July intern arrival, and to minimize migration bias associated with intervention team members rotating to control teams. Bigelow teams were cluster randomized using a random number table to the intervention and control arms as demonstrated in Figure 1 . From April 30 to May 27, 2008-the "May" block-teams A, B, C received the intervention, while teams D and E served as concurrent controls. In the "June" block, May 28 to June 24, 2008, teams B and D received the intervention, while teams A, C, and E served as the controls. The intervention consisted of three elements:
1.
Teams were given a 15-minute educational briefing on day one of each block. Ordering guidelines, developed by literature search and consensus of resident and attending physicians were distributed and briefly discussed. The use of these guidelines was optional but encouraged.
2.
Team members were encouraged not to write automatically recurring daily orders for laboratory tests. In common practice these are also known as "daily" or "QD" orders; for the purposes of this paper, we will refer to these as " standing orders." Physicians could monitor laboratory studies as frequently as they desired, but they were encouraged to write a new order for each episode of measurement. No other test ordering restrictions were enacted. All orders placed by physicians were placed via an institutionally developed computerized provider order entry (CPOE) system.
3.
Team members were asked to include a new section entitled "Labs Needed for Tomorrow" in their daily progress note. This list was non-binding; teams were allowed to revise their selection of laboratory studies as clinically warranted. At the time of this intervention, all progress notes were hand-written on a printed note template, and the "Labs Needed for Tomorrow" section was added to the bottom.
Intervention teams received posters depicting the aforementioned lab ordering changes in addition to the printed copies of the ordering guidelines. These posters were placed in each intervention floor's physician workrooms, to minimize visibility to control providers on other floors. Nurse management on each floor was briefed regarding the intervention.
The primary endpoint of this study was the total number of completed laboratory tests per patient-day for Bigelow teams during the May and June rotation blocks of 2008. The following tests were tracked: serum sodium (Na), potassium (K), bicarbonate (CO2), chloride (Cl), blood urea nitrogen (BUN), creatinine (Cr), glucose (Gluc), calcium (Ca), magnesium (Mg), phosphorus (Phos), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphate (Alk phos), albumin (Alb), globulin (Glob), total protein (TP), direct bilirubin (Dbili), total bilirubin (Tbili), complete blood counts with and without differential (CBC +/− diff), partial thromboplastin time (PTT), prothrombin time (PT), international normalized ratio (INR), and urinalysis (U/A). Compliance with the intervention was monitored by audit of ten randomly selected progress notes per team Monday through Friday during the intervention.
All bundled test panels were broken down and tabulated by individual test; for example, a basic metabolic panel order would be counted as discrete studies for serum Na, K, Cl, CO2, BUN, Cr, and glucose; though comprised of multiple studies, CBC and U/A were each counted as a single test. Laboratory utilization and patient demographics were collected through administrative databases.
Adverse events, both those resulting in perceived harm to patients and "near miss" of harm, were assessed in real-time through polling of supervising residents on each intervention team. To increase reporting, all physicians on intervention teams were surveyed regarding adverse events at the end of the intervention period, though these data were not associated with specific patients. "Harm" and "near miss" were neither specifically defined nor independently adjudicated. Adverse event reports were not solicited on control teams as to minimize bias due to a Hawthorne effect and recognizing that the study was not powered to detect a difference in adverse events between groups. Respondents were not required to answer every survey question.
negative binomial distribution for daily counts of tests of a given type ordered for each patient with log link, a fixed effect of the treatment imposed on a team at the time of ordering, and random patient x month specific intercepts to account for the dominant influence of a patient's medical condition in determining the frequency of lab testing. Poisson models were fit for Ca, Mg, and PTT to achieve convergence of estimates. Too few data were available to control for team effects. As a sensitivity analysis, we analyzed counts of lab tests as normally distributed data in linear mixed models with both patient x month and team random effects.
Due to randomization of medical teams rather than patients, a number of patients crossed over from an intervention to a control team, or vice versa, during the course of the trial. In this instance, these patients' lab draws were attributed to the ordering team-intervention or control-at the time the labs were ordered. Demographics of this crossover population were analyzed separately from those whose entire care was covered by a single team.
This project was approved by the institutional review board of the Massachusetts General Hospital, Partners Healthcare, Inc. Consent was obtained from all participating physicians for the purposes of tracking individual test ordering patterns. Funding for the study was provided by the Massachusetts General Hospital Department of Medicine.
Results
A total of 5392 patient-days were captured in the trial, 2790 in the control groups and 2602 in the intervention groups. Patient characteristics are represented in Table 1 . Mortality, comorbidities, and length of stay (LOS) were similar in all groups. The crossover design necessarily dictated that a population of patients transitioned from an intervention team in May to a control team in June and vice-versa; as a result, these patients and their demographics were counted and analyzed separately in Table 1 . Figure 2 depicts Poisson and negative-binomial estimated rate ratios (RR) comparing laboratory orders in intervention and control arms. Aggregate laboratory ordering was lower in the intervention arm, with RR 0.91 (95% confidence interval [CI] 0.84-0.98, P = 0.021). Significant decreases in laboratory utilization were observed for Na (RR 0.88, 95% CI 0.82-0.95, P = 0.003), K (RR 0.89, 95% CI 0.82-0.95, P = 0.005, Cl (RR 0.88, 95% CI 0.82-0.95, P = 0.003), CO2 (RR 0.88, 95% CI 0.82-0.94, P = 0.003), BUN (RR 0.86, 95% CI 0.80-0.93, P = 0.002), Cr (RR 0.87, 95% CI 0.81-0.93, P = 0.002), Glu (RR 0.89, 95% CI 0.81-0.98, P = 0.02), and CBC without differential (RR 0.84, 95% CI 0.78-0.91, P < 0.001). Equivalent inference was reached by sensitivity analysis incorporating a random team effect.
Survey response rates were high: 86% (19/22) for interns, 90% (9/10) for junior residents, 92% (11/12) for senior residents, and 100 % (11/11) for attendings. 14 
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Author Manuscript laboratory ordering. Sixty-four percent (21/33) of respondents felt that the intervention should be implemented as formal policy. Fifteen percent (6/39) of physicians believed the intervention resulted in at least one episode of definite patient harm, and 32% (12/38) believed it resulted in at least one "near miss." Table 2 tabulates the reports of adverse events. There were 11 reports of "near misses" and 7 reports of perceived patient harm as reported by the clinical providers, although only two of these were reported to the investigators in real time: a delay in checking calcium and phosphorous levels in a vitamin-D deficient patient who had received an IV bisphosphonate and new acute kidney injury in a patient who was being actively diuresed who did not have a basic metabolic panel checked for multiple days. The remaining adverse events were reported retrospectively through the survey.
Random chart audit demonstrated 80% intervention compliance in May and 53% compliance in June. Limited auditing of control teams' notes found no evidence of effects of the intervention.
Discussion
This report describes a successful collaborative intervention to promote rational laboratory utilization and develop an inpatient medical service into a research engine with trainees as key stakeholders. We achieved a modest reduction in laboratory volume while preserving the educational mission of our training program. Common strategies to change physician practice patterns include education, feedback, consensus-building, administrative changes, incentives, and penalties. All of these strategies have been applied to improve clinical laboratory utilization. 9, 11, 12 Our intervention incorporates consensus-building (creation of guidelines), education (discussion of guidelines with intervention teams), and administrative changes (voluntary elimination of recurrent laboratory orders and addition of a "labs needed for tomorrow" section to daily progress note). To our knowledge, this is the first reported intervention to incorporate the use of the daily progress note as a vehicle to stimulate discussion and explicit planning of laboratory studies. 11, 12 Other efforts have shown that forcing physicians to justify a study during the ordering process can increase the proportion of properly indicated laboratory studies over an educational intervention alone. 15 The 9% reduction in aggregate laboratory utilization in the intervention arm appears to be driven by decreased use of the basic metabolic panel and constituent studies (Na, K, Cl, CO2, BUN, Cr, glucose) and CBC without differential. Meanwhile, the intervention did not appear to influence ordering of extended chemistries (Ca, Phos, Mg), liver biochemical profiles (ALT, AST, Alk phos, Alb, Glob, TP), coagulation studies (PTT, INR), or urinalyses. High utilization studies, like the BMP (basic metabolic panel) and CBC, may prove to be more amenable to demand management than less commonly ordered tests, although this has yet to be conclusively demonstrated. 16, 17 We hypothesize that high volume tests are subject to greater ordering variation and overutilization. This may explain why the intervention seemed to have a larger effect on the most commonly ordered lab tests.
Eliminating standing laboratory orders may be effective in curbing utilization of high demand studies. 16, 17 May et al. report that elimination of standing laboratory orders produced a 12% decrease in utilization over one year compared to a historical control; this is similar to the magnitude observed in our intervention. 16 In another study, a step-wise intervention that coupled unbundling of metabolic panel tests with changes in the electronic ordering interface produced a 24% reduction in BMP utilization, but this effect was magnified to 51% when standing orders were banned outright. 17 An early retrospective, quasi-experimental study showed that elimination of standing laboratory orders at one urban teaching hospital did not decrease overall laboratory utilization in patients with acute myocardial infarction, coronary artery disease, and CHF, but the study was small and likely underpowered. 18 The success of administrative efforts appears to rest largely upon local institutional culture; strong support by clinical and hospital leadership, as well as the housestaff, may be as important as the design of the interventions themselves. 9 Involvement of residents in guideline design and trial execution likely improved acceptance of this intervention. Furthermore, "buy-in" was sought from nurses, nursing management, chief residents, and residency program leadership, which may have further reinforced compliance.
This study was neither powered nor designed to systematically compare adverse events between the intervention and control arms. Nonetheless, intervention teams reported a number of "near misses" and events associated with perceived harm. Unfortunately, only two events were reported in real time, so detailed clinical data associated with the other 16 reports are not known. As a result, it is difficult to independently attribute the events to the intervention. In one instance of delayed diagnosis of acute kidney injury reported in real time, the clinical team did not check a basic metabolic panel for a number of days, even though the patient was receiving large doses of IV diuretics; at our institution, daily-or more frequent-monitoring of electrolytes is widely accepted as standard practice in this setting, and this was delineated in the intervention guidelines that were distributed. Some reports in Table 2 may have referenced the same event(s); since survey respondents were not asked to provide identifiable patient information, they could not be further characterized or adjudicated. However, survey data indicate that most clinicians did not believe that the intervention caused harm and there were no statistically significant differences in LOS or mortality observed in our trial. This is also consistent with the experience of other institutions, where meaningful decreases in lab utilization were achieved without an increase in adverse events or LOS. 16 As a small single-center study, the results may not be generalizable to other institutions. Due to the crossover design, a population of patients moved from an intervention team in May to a control team in June and vice-versa. However, as demonstrated in Table 1 , the patients in this group were few in number and similar to the overall study population.
Survey data gathered by this study are subject to bias, as those inclined to complete their questionnaires may hold stronger opinions, positive or negative, about the intervention. In spite of this shortcoming, the survey captured some useful provider feedback on the intervention, and our response rates were high (86-100%). 14 We relied on clinical teams to report adverse events, so it is possible that negative outcomes associated with underutilization of laboratory studies were missed. Clinicians reported a number of adverse events only in retrospect, which hindered investigation of their context and consequences.
This study was not designed to explore the durability of the intervention's effect.
Interventions incorporating consensus-building, education, and/or feedback often produce weak or transient reductions in test ordering. 9, 11 Future studies should examine whether outright elimination of automatically recurring daily laboratory orders may help produce a durable decrease in laboratory utilization. To our knowledge, there have been no multicenter trials addressing this question.
In summary, we found that a bundled educational and administrative intervention to promote rational ordering of laboratory tests on a single academic general medicine service led to a modest, but significant decrease in the most commonly ordered studies.
CLINICAL SIGNIFICANCE
• Overutilization of clinical laboratory testing in the inpatient setting remains a common problem.
• An inexpensive and easily-implemented intervention that incorporates guidelines, education, elimination of recurring laboratory orders, and addition of a "labs needed for tomorrow" section to daily progress note achieved a 9% decrease in aggregate laboratory ordering, without compromising resident education.
• Further study is needed to assess the impact of this intervention on patient outcomes. 
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Author Manuscript Rate ratios of lab ordering by test NOTE: Forest plot depicting rate ratios of lab ordering generated from Poisson (Ca, Mg, PTT) and negative binomial regressions. Abbreviations: Lower CL = lower limit of 95% confidence interval, Upper CL = upper limit of 95% confidence interval, individual laboratory test abbreviations per methods section. NOTE: "Intervention" and "control" refers to each respective study arm, while "both" refers to the population of patients who crossed over from intervention to control arm or vice-versa during the trial. Abbreviations: ICD-9 = international classification of diseases, 9 th edition; NOS = not otherwise specified.
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Near Misses (Number of survey reports) Events Resulting in Perceived Harm (Number of survey reports)
Delayed observation of elevated Ca-Phos product (2) Delayed diagnosis of acute kidney injury (6) Delayed phlebotomy draws (4) Delayed phlebotomy draws with unspecified harm (1) Delayed measurement of Ca and Phos in vitamin D-deficient patient treated with IV bisphosphonate (1) Delayed observation of rising INR in patient with liver failure (1) Ectopy in patient found to have hypomagnesemia (1) Delayed diagnosis of acute kidney injury (2) NOTE: Data collected from retrospective survey of physicians on intervention teams. Abbreviations: Ca = calcium, Phos = phosphorous, IV = intravenous, INR = international normalized ratio
